Several MHC class II alleles linked with autoimmune diseases form unusually low-stability complexes with class II-associated invariant chain peptides (CLIP), leading us to hypothesize that this is an important feature contributing to autoimmune pathogenesis. We recently demonstrated a novel postendoplasmic reticulum (ER) chaperoning role of the CLIP peptides for the murine class II allele I-E d . In the current study, we tested the generality of this CLIP chaperone function using a series of invariant chain (Ii) mutants designed to have varying CLIP affinity for I-A g7 . In cells expressing these Ii CLIP mutants, I-A g7 abundance, turnover and antigen presentation are all subject to regulation by CLIP affinity, similar to I-E d . However, I-A g7 undergoes much greater quantitative changes than observed for I-E d . In addition, we find that Ii with a CLIP region optimized for I-A g7 binding may be preferentially assembled with I-A g7 even in the presence of higher levels of wild-type Ii. This finding indicates that, although other regions of Ii interact with class II, CLIP binding to the groove is likely to be a dominant event in assembly of nascent class II molecules with Ii in the ER.
Introduction
The MHC class II allele I-A g7 has been the subject of extensive work at the intersection of the fields of autoimmunity and MHC class II-restricted antigen presentation. It is best known as the class II allele associated with diabetes in the non-obese diabetic (NOD) mouse (1) but is also associated with spontaneous mouse models of arthritis [K/BxN or KRN model (2, 3) ] and multiple sclerosis [Biozzi AB/H mice (4)]. I-A g7 shares sequence homology and notable biochemical features with human DQ and rat RT1.B class II alleles associated with autoimmune diabetes in these species [reviewed in (5, 6) ]. Mouse strains that express I-A g7 but do not develop spontaneous autoimmunity have been reported to mount greater than normal immune responses to antigens (4) and to have an unusually high incidence of self-reactive T cells in the periphery [reviewed in (5) ].
Many unusual characteristics have been attributed to I-A g7 , including a low propensity to form SDS-stable dimers, low inherent dimer stability, a peptide-binding motif dominated by a single pocket and lack of a highly conserved salt bridge (b57D-a76R) [reviewed in (5) ]. Most remarkable is the combination in I-A g7 of all these features, each of which can be found alone in other class II alleles. Despite knowledge of these features and of various antigens that stimulate I-A g7 -restricted autoimmune responses, the mechanism of disease association with I-A g7 (or other disease-associated alleles) remains unknown. Our laboratory has been investigating whether aberrant interaction with chaperones in the class II pathway, in particular invariant chain (Ii), is the key shared feature of these alleles.
Three accessory molecules, invariant chain (Ii), DM, and DO, influence assembly, transport and loading of class II molecules [reviewed in (7, 8) ]. Nascent class II molecules are assembled onto Ii trimers in the endoplasmic reticulum (ER). Ii directs trafficking of these nonameric (ab) 3 Ii 3 complexes from the ER, through the Golgi apparatus, and into endosomal class II loading compartments. Class II alleles vary in their dependence on Ii for efficient assembly and egress from the ER (9) . In endosomal compartments, Ii is degraded, leaving a nested set of CLIP peptides in the class II peptide-binding groove. MHC class II alleles differ widely in their affinity for CLIP (10, 11) . Exchange of CLIP for other peptides is promoted by the peptide exchange catalyst DM, which is also thought to stabilize empty MHC class II and edit the repertoire of bound peptides, favoring stable peptide/MHC class II complexes. Another non-classical class II molecule, DO, is a negative regulator of DM function, expressed in a subset of antigen-presenting cells (APCs), including B cells, thymic medullary epithelial cells and specific types of dendritic cells [(12, 13) and references therein]. Reduced DM function (e.g. due to low DM expression or to co-expression of DO) generally results in the accumulation of class II/CLIP complexes. However, class II alleles with low affinity for CLIP can release CLIP peptides without DM (14, 15) .
Our laboratory demonstrated that rheumatoid arthritis (RA)-associated human class II alleles (DR*0401, *0404 and *0405) form less stable complexes with CLIP than closely related non-RA-associated alleles (DR*0402 and *0403) (14) . This led us to propose that low affinity for CLIP is a critical shared feature of disease-linked MHC class II alleles and contributes to disease pathogenesis. Evidence from others supports our hypothesis, as a disproportionate number of disease-associated alleles have been found to have low affinity for CLIP [reviewed in (8) ]. Recently, we have extended our model by defining a novel chaperoning role of CLIP peptides for the murine class II allele, I-E d (16) . Here, we use Ii CLIP mutants to demonstrate that variation in CLIP affinity affects half-life, abundance and antigen presentation for I-A g7 , which also has low affinity for wild-type (wt) CLIP (15) . Our data argue that improving CLIP region affinity for the I-A g7 binding groove influences I-A g7 /Ii assembly.
Methods

Cell lines and antibodies
A20 is a B-lymphoma cell line from a Balb/c mouse [H-2 d haplotype; American Type Culture Collection (ATCC) clone TIB-208] (17) . 3A5 is a derivative of A20, which lacks H-2Ma (murine DMa) expression (18, 19) . 293T cells were kindly provided by G. Azar and J. Thibodeau (University of Montreal, Quebec, Canada). Phoenix-A cells are a retroviral packaging cell line (gift of G.P. Nolan, Stanford University, Stanford, CA, USA). A BDC2.5 T hybridoma (clone BA3) was produced by R. Creusot in the laboratory of C.G. Fathman (Stanford University) using activated primary T cells from BDC2.5 transgenic mice (20) and the BW5147 thymoma cell line. 10-2.16 is a monoclonal mouse IgG2b antibody that recognizes a subset of I-A b-chains (including I-A g7 but not I-A d ) (21, 22 (28) ] was obtained from eBioscience (San Diego, CA, USA). We determined that M5/114 does not recognize I-A g7 , as it does not bind 2A-12 cells (data not shown). 14-4-4S is a monoclonal mouse IgG2a antibody to the common I-Ea chain (29) . Purified, FITCconjugated 14-4-4S was obtained from Southern Biotech (Birmingham, AL, USA). Purified anti-H-2M antibody (rat IgG1) was obtained from BD Pharmingen (San Jose, CA, USA). Biotinylated anti-FLAG antibody (clone M2; Sigma Aldrich, St Louis, MO, USA) was used together with streptavidin-tricolor (formerly CALTAG, now Invitrogen, Carlsbad, CA, USA). The following antibodies were used together with appropriate HRP-conjugated secondary antibodies for western blotting: anti-b-actin (mouse IgG1; Sigma Aldrich), In-1 (rat anti-mouse Ii; BD Biosciences Pharmingen, San Diego, CA, USA), anti-tetra-His (mouse IgG1; Qiagen, Hilden, Germany) and 10-2.16.
Vectors and transfections
A cDNA for I-A . A cDNA for murine DMa was obtained by RT-PCR from A20 RNA and cloned into a pBMN vector. Methods for site-directed mutagenesis, cloning and retroviral transduction have been described (30) . Briefly, mutant p31 murine Ii cDNAs were generated by site-directed mutagenesis, using overlap extension PCR and high-fidelity Pfu polymerase, with a pGEM-mIi-p31 construct as the original template (gift of E.K. Bikoff, University of Oxford, Oxford, UK). Ii, I-A 
Flow cytometry
Cells were stained on ice with antibodies described above. For cell surface FACS with 2A-12 cells, propidium iodide was used to exclude dead/dying cells. For combined cell surface and intracellular staining, surface staining was 706 CLIP chaperoning of I-A g7 performed first, followed by fixation and permeabilization using the Cytofix/Cytoperm kit (BD Pharmingen) and intracellular staining. Data were collected using a FACScan or FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) and CellQuest Pro software (BD Biosciences) and were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA). The mean fluorescence intensity (MFI) of isotype controls was routinely under 10 (data not shown). MFI of staining on cells expressing mutant Ii was normalized to the appropriate (untagged, 63 His-tagged or 33 FLAGtagged) wt control within the same experiment: 100% 3 MFI mut /MFI wt = MFI of mutant as % of wt. For 2A-12 transient transfection experiments in Fig. 1(A) , data represent staining of polyclonal populations from multiple (three to seven) independent transfections, with staining performed between 1 and 4 days after transfection. For A20.g7 and 3A5.g7 Ii transfectants in Fig. 1(B) , data represent staining of stable polyclonal populations from two independent transfections/ selections. For Fig. 1(C) , cell surface I-A g7 staining was assessed on DM-positive or -negative populations within a culture of stable 3A5.g7 Ii transfectants exposed to retrovirus for transient transfection with murine DMa, with staining in the days immediately following transfection, with two independent transfections.
Pulse-chase and immunoprecipitation
The radiolabeling/co-immunoprecipitation (IP) assay used in Fig. 2 , in which persistence of class II/CLIP complexes is used to determine relative class II/CLIP affinity, is a modified version of previously described methods (14, 16, 31) . Cells were washed in cysteine/methionine-free DMEM (Gibco, Invitrogen Corporation) and starved for 1-2 h (at 37°C, 5% CO 2 ) in starvation medium (Cys/Met-free DMEM + 10% dialyzed fetal bovine serum + 2 mM L-glutamine) and then labeled for 4-24 h as indicated in figure legends ( was immunoprecipitated by incubating lysates with Protein A or G sepharose beads coated with 10-2.16 concentrated supernatant. Proteins were eluted from the beads by boiling in reducing SDS sample buffer and separated by SDS-PAGE. Gels were treated with Amplify (Amersham Biosciences, UK), dried under vacuum and exposed to radiography film (Kodak, Rochester, NY, USA).
For Fig. 4(C and D) , a more traditional pulse-chase assay with 1-h starve, 1-h pulse and the designated chase times (in complete media with cold Cys/Met) was used to assess turnover of I-A g7 (details of media, lysis, IP and gels as described above, with samples normalized for starting cell number at time 0). Densitometry was performed using ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA).
Immunoblotting
Cells were harvested and lysed in buffer containing 6 mM CHAPS, as described above. For analysis of steady-state levels of I-A g7 , protein content of lysates was determined by Bradford assay, and samples were normalized for protein amount and boiled in reducing SDS sample buffer. For analysis of the half-life of I-A g7 , cells were treated with 10 lg ml À1 cycloheximide (CHX). Samples were collected at the indicated time points, lysed in buffer containing 6 mM CHAPS and normalized for live cell equivalents before boiling in reducing SDS sample buffer. For co-IP experiments demonstrating differential assembly of wt and mutant Ii with I-A g7 , lysates were normalized either for cell equivalents or for total protein amounts and were precleared and immunoprecipitated as described above, using 10-2.16 for I-A g7 , anti-tetra-His antibody for His-tagged Ii or In-1 for total Ii. Samples were separated by SDS-PAGE and transferred to Immobilon PVDF membrane (Millipore, Bedford, MA, USA). Binding of primary antibodies to the membrane was detected by HRP-conjugated secondary antibodies followed by Western Lightning enhanced chemiluminescence (ECL) substrates (PerkinElmer Life Sciences, Boston, MA, USA) and exposure to Hyperfilm ECL (Amersham Biosciences). Densitometry was performed using a Bio-Rad GS-710 densitometer and QuantityOne software (Bio-Rad, Hercules, CA, USA).
T-cell stimulation assays
APCs (10 5 A20.g7 or 3A5.g7 Ii transfectants) were incubated for 30-60 min with MK-D6 to pre-block I-A d . BDC2.5 T-hybridoma cells (10 5 ) and different concentrations of 1040-79 (p79) mimetope peptide (AVRPLWVRME) (32) were added, and cultures were incubated overnight at 37°C. The p79 peptide was synthesized and purified by the Stanford PAN facility. All cultures were done in duplicate. Culture supernatants were collected at 20-24 h and assayed for IL-2 with the BD OptEIA mouse IL-2 ELISA kit and BD OptEIA TMB substrate (BD Biosciences).
Statistical methods
Normalized data (MFI for FACS experiments, or band intensity for densitometry of western blots, normalized to wt within the same experiment) from wt and mutant Ii transfectants were compared using a paired Student's t-test (GraphPad Prism; GraphPad Software, San Diego, CA, USA) or a Wilcoxon signed ranks test, as indicated in figure legends. Within each figure, we corrected for multiple comparisons using sequential Bonferroni adjustment (33) . were assessed on day 1, 2, 3 and/or 4 after transfection. Data in this figure are from three to seven independent transfections for each mutant. Statistical significance was determined by paired Student's t-test: **P < 0.01; ***P < 0.001. All seven indicated comparisons remain statistically significant after sequential Bonferroni correction for multiple comparisons. (B) 3A5 and A20 cells expressing I-A g7 were stably transfected with wt or mutant Ii. Data represent cell surface staining of I-A g7 on polyclonal populations from two independent transfections and selections. Statistical significance was determined by paired Student's t-test: *P < 0.05; **P < 0.01; ***P < 0.001. All indicated comparisons remain statistically significant after sequential Bonferroni correction for multiple comparisons. (C) 3A5.g7 cells stably expressing 3xFLAG-tagged wt or mutant Ii were transiently transfected with murine DMa (H-2Ma) by retroviral transduction. In the following days, cells were stained for cell surface I-A g7 and intracellular DM and 3xFLAG-Ii and were analyzed by FACS. Data are from two independent transfections for M98A and M98D and one transfection for M98S. Left: sample histograms showing cell surface I-A g7 staining on DM À and DM + populations of 3A5.g7 cells stably expressing 3xFLAG-wt Ii (shaded) or 3xFLAG-M98A Ii (open) and transiently transfected with DM. Right: summary of multiple experiments. In this panel only, MFI represents median fluorescence intensity of I-A g7 stains (in all other panels, MFI represents mean fluorescence intensity). Note that separation of DM + and DM -populations by gating in this assay (with this anti-DM reagent) is incomplete, even for A20 versus 3A5. Thus, even conservative DM +/À gates include a proportion of events from the overlapping populations, and the absolute value of changes between populations calculated in this manner is an underestimate (e.g. see reduced scale of mutant Ii effect in cells in DM À gate in 1C versus scale of mutant Ii effect in completely DM À populations in 1B). Nonetheless, the reduction in mutant Ii effect on cell surface I-A g7 in the presence of DM is statistically significant as determined by paired Student's t-test: M98A, P = 0.0005; M98D, P = 0.0005; M98S, P = 0.0025.
Results
Screening of Ii
CLIP chaperoning of I-A g7
motifs [studies reviewed in (5) and (34) (35) (36) ] and were incorporated into a murine p31 Ii cDNA by site-directed mutagenesis. Previously, we showed that Ii CLIP mutants with increased affinity for I-E d increased the cell surface levels of I-E d (16) . We therefore used an assay of cell surface class II levels to rapidly screen our mutant Ii panel for effects on I-A g7 . 293T cells were transfected with I-A g7 and a clone (2A-12) with moderate cell surface I-A g7 expression was chosen for further studies. 2A-12 cells were transiently transfected with wt or mutant Ii constructs, and cell surface I-A g7 was measured by FACS 1-4 days after transfection (Fig. 1A) . We observed increased cell surface levels of I-A g7 in the presence of Ii with M98D or M98E mutations, which are known to be high-affinity P9 anchors for I-A g7 [reviewed in (5) and (34)]. Among Ii constructs with single amino acid changes at the P1, P4, P6 or P9 anchor residues, five additional Ii mutants (M90K and V at P1 and M98A, G and S at P9) increased cell surface I-A g7 . Transfection with wt Ii or His-wt Ii did not alter cell surface levels of I-A g7 as compared with untransfected 2A-12 cells (data not shown).
The seven mutations with a statistically significant effect in this assay were stably transfected into I-A g7 -expressing DM + (A20.g7) and DM À (3A5.g7) B-cell lines, derived as described in Methods. Again, transfection of wt Ii (or His-wt Ii or 3xFLAG-wt Ii) had no effect on cell surface abundance of I-A g7 (data not shown). The effect of P1 mutants M90K and M90V and P9 mutant M98G on cell surface I-A g7 levels appeared diminished in 3A5.g7 compared with 2A-12, while the effects of P9 mutants M98A, D, E and S appeared greatly amplified in 3A5.g7 (Fig. 1B) . Ii CLIP mutants generally had a reduced effect on cell surface I-A g7 in A20.g7 compared with 3A5.g7 (Fig. 1B) . Effects of mutant Ii on cell surface I-A g7 were comparable for untagged, His-tagged and 3xFLAG-tagged Ii constructs (Fig. 1B and data not  shown) . Notably, the effects of Ii mutants on cell surface I-A g7 are clear despite the fact that, in A20.g7 and 3A5.g7 cells, small amounts of transfected Ii must compete with excess endogenous wt Ii for assembly with I-A g7 . We were interested in determining whether the reduced effect of Ii mutants on cell surface I-A g7 in A20.g7 compared with 3A5.g7 cells was a result of DM co-expression in A20.g7 cells or of different levels of expression of transfected Ii. We first measured levels of His-Ii (wt) in transfected A20 and 3A5 cells, using western blot of whole cell lysates normalized for micrograms of protein and found equivalent levels of Ii expression (data not shown). However, 3A5 cells differ from their A20 parent line in several parameters (size, growth rate, etc.). Thus, we also performed experiments in which murine DMa (H-2Ma) was transiently transfected into stable 3A5.g7 Ii transfectants to reconstitute murine DM expression (Fig. 1C) . As the transfection efficiency is significantly <100%, this approach allowed comparison of cell surface I-A g7 levels in DM + and DM À cells in the same culture, with all other cellular parameters held constant (including transfected Ii levels, confirmed by anti-FLAG staining, data not shown). These experiments explicitly confirmed that the effect of mutant Ii on I-A g7 cell surface abundance is reduced or (as in the sample FACS plots shown, Fig. 1C left) almost completely masked in the presence of DM.
There is evidence that Ii may serve as a chaperone for DM (37) and that DM can affect abundance of class II alleles (38, 39) . Intracellular FACS to detect levels of intracellular DM in wt or mutant Ii A20.g7 transfectants showed no detectable change in total cellular levels of DM (data not shown). Thus, Ii CLIP mutants apparently affect class II alleles directly in A20 transfectants (as in the absence of DM in 3A5 transfectants) rather than indirectly by modulating DM levels.
Contrary to the pattern observed for most Ii mutants, we observed a modest drop in cell surface I-A g7 in A20.g7 transfected with M90K Ii compared with wt Ii. Similar anomalous effects are suggested for I-A g7 with M98G Ii (Fig. 1) , for I-E d with A93F and A93I Ii (16) and for the human DR*0402 allele (which has moderate to high affinity for wt CLIP) in the presence or absence of DM (data not shown). This is surprising as class II occupancy with stable high-affinity peptides is generally associated with increased complex stability and longevity [reviewed in (40) ], and there is currently no clear explanation for these exceptions.
Ii CLIP mutants that increase cell surface I-A g7 have high affinity for CLIP To confirm that Ii mutants that increase cell surface levels of I-A g7 in 2A-12, 3A5.g7, and A20.g7 cells are high-CLIPaffinity mutants, we used a metabolic-labeling/co-IP assay in which increased persistence of class II/CLIP complexes in the absence of DM indicates increased class II/CLIP affinity [as in (14, 16) ] (Fig. 2A) . Co-IP of wt CLIP with I-A g7 in 3A5.g7 cells was not detected, indicating spontaneous release of wt CLIP in the absence of DM. The four Ii mutants with the greatest effects on cell surface I-A g7 (M98A, D, E and S) resulted in clearly detectable CLIP co-IP with I-A g7 . It is likely that the remaining mutants that affect cell surface I-A g7 (M90K, M90V and M98G) increase the affinity of CLIP for I-A g7 but to an insufficient degree for detection by coprecipitation of I-A g7 /CLIP complexes in detergent lysates.
High-affinity Ii CLIP mutants are within a physiological range of CLIP affinity
Mutant CLIP/class II complexes within a physiological range of class II/CLIP affinity should persist in the absence of DM but should remain DM susceptible. In DM+ A20.g7 cells, CLIP co-IP with I-A g7 for the four highest affinity Ii CLIP mutants is largely (M98A, D and S) or completely (M98E) abolished (Fig. 2B) , indicating efficient removal of CLIP by DM despite the increased CLIP/I-A g7 affinity. In these experiments, CLIP/I-A g7 complexes were analyzed immediately following radiolabeling (no chase) so that at least some of the CLIP/I-A g7 complexes recovered from these cells are recently generated and have not yet encountered DM. However, a pulse-chase experiment (40-min pulse and 0-, 2-, 4-, 8-, 12-and 20-h chase) with A20.g7 cells transfected with M98A Ii indicates that a small cohort of stable M98A CLIP/ I-A g7 complexes accumulates over time (data not shown). For naturally occurring class II alleles with moderate to high affinity for wt CLIP, a small number of CLIP/class II complexes can be detected at the cell surface, even in the presence of DM (41) . This usually does not represent absolute resistance of these complexes to DM editing, but rather reflects the fact that DM activity is limiting within physiologic kinetic windows due to substoichiometric levels of DM expression compared with class II, negative regulation of DM by DO, and preferential association of DM with empty class II [reviewed in (8) and (42) (43) (44) ]. Thus, our data suggest that the high-CLIPaffinity Ii mutants for I-A g7 are appropriately removed by DM and are within a physiological range of CLIP affinity.
In high-CLIP-affinity Ii transfectants, total cellular abundance and half-life of I-A g7 are increased
High-CLIP-affinity Ii mutants caused increased total cellular I-A g7 , detected by western blotting of whole cell lysates from 3A5.g7 Ii transfectants (Fig. 3) . This result suggests that an increased cellular pool rather than enhanced distribution to the cell surface is the basis of increased surface class II. Increased total cellular abundance of I-A g7 is associated with increased survival time of I-A g7 molecules in the presence of high-CLIP-affinity Ii mutants. We used CHX to block de novo synthesis in 3A5.g7 cells and determined remaining protein levels at various time points by western blot (Fig. 4A and B) . Within the time frame of the assay (0-20 h), b-actin levels remained constant, while total Ii levels dropped at comparable rates in wt and mutant Ii transfectants. In contrast, I-A g7 b levels decline rapidly and dramatically in the presence of wt Ii but are significantly stabilized in the presence of high-CLIP-affinity Ii mutants, demonstrating an increased half-life and reduced turnover. The effects of three Ii mutants on I-A g7 turnover in this assay are generally Fig. 3 . In high-CLIP-affinity Ii transfectants, total cellular abundance of I-A g7 is increased and abundance of high-CLIP-affinity Ii is decreased. (A) Steady-state levels of I-A g7 b, b-actin, total Ii and transfected 63His-Ii in stable 3A5.g7 Ii transfectants were assessed by western blotting (antibodies: 10-2.16, anti-actin, In-1 and antiTetra-His, respectively). Lysates were normalized for protein amount (shown: 25 lg per lane). One representative experiment of several is shown. (B) Densitometry from several experiments (normalized to the appropriate untagged or 63His-tagged wt Ii sample within each experiment). Statistical significance was determined by Wilcoxon signed ranks test: *P = 0.0156; **P = 0.0078; ***P < 0.005. All indicated comparisons remain statistically significant after sequential Bonferroni correction for multiple comparisons.
consistent with the hierarchy observed in effects on cell surface and total cellular abundance of I-A g7 in 3A5.g7 cells: M98A > His-M98D > His-M98E. Increased half-life of I-A g7 in the presence of high-CLIP-affinity Ii mutants is also observed in traditional pulse-chase experiments. The I-A g7 b-chain is stabilized in 3A5.g7 transfectants stably expressing His-M98D Ii (Fig. 4C and D) or M98A Ii (data not shown) compared with (His-tagged or untagged) wt Ii. The I-A d a-chain from precipitated I-A g7 dimers also demonstrates this difference in turnover (Fig. 4C) , although at time points through 12 h, the a-chain is poorly resolved from co-precipitated Ii in one-dimensional analysis.
High-CLIP-affinity Ii mutants have decreased half-life and are preferentially assembled with I-A g7 compared with wt (low-CLIP-affinity) Ii Interestingly, increased abundance of I-A g7 is accompanied by a reduction in the steady-state levels of transfected high-CLIP-affinity Ii compared with transfected wt Ii (His-M98D and His-M98E versus His-wt; Fig. 3 ). An increased rate of turnover of high-CLIP-affinity Ii compared with wt (low-CLIPaffinity) Ii observed in our CHX treatment experiments ( Fig. 4A and B) is likely sufficient to explain this difference in steady-state His-Ii levels. In addition, the observed effects of increased CLIP affinity on I-A g7 are detectable despite small amounts of transfected mutant Ii compared with a large excess of endogenous wt Ii. We hypothesized that preferential assembly of high-CLIP-affinity Ii mutants with I-A g7 and subsequent degradation of Ii molecules upon arrival in endosomes would explain both the effective competition with endogenous wt Ii and the enhanced turnover of high-CLIPaffinity Ii mutants.
To determine whether Ii mutants with higher (CLIP) affinity preferentially assemble with I-A g7 in the ER, we used various antibodies to IP different cohorts of class II/Ii complexes from stable 3A5.g7 Ii transfectants and western blotting to determine the proportion of class II and Ii chains recovered (Fig. 5) . Ii/class II complexes under these experimental conditions are most likely recovered as nonameric Ii 3 (ab) 3 complexes (45) , preventing complete purification of individual Ii/ab trimers. In cells expressing multiple forms of Ii (e.g. p31/33/41/43), homotrimerization is not favored, either by specific protein-protein interactions or by physical proximity during synthesis. Thus, an apparently random mix of homotrimers and mixed trimers results [e.g. as in (46)]. Consequently, in cells where expression levels of different Ii populations are relatively comparable, we would expect random co-precipitation of all available Ii populations in most nonameric complexes. This would prevent detection of preferential assembly of specific Ii subpopulations with particular class II alleles and vice versa. However, in our transfectants, we estimate that there is at least 10-fold more endogenous Ii than transfected Ii, based on lysate amounts and film exposure times required for optimal detection of total versus Histagged Ii in western blot experiments. Additionally, the total amount of Ii in transfected versus untransfected cells is indistinguishable by western blot even with careful lysate titrations, where differences of ;10% are normally detectable (data not shown). The majority of Ii trimers in these cells, therefore, would include no His-tagged Ii. Thus, the preferential inclusion of I-A g7 in nonameric complexes with His-tagged high-CLIP-affinity Ii (and vice versa) should be detectable through exclusion of the large majority of nonameric complexes lacking His-tagged Ii from the co-precipitates and consequent enrichment of Ii/class II complexes including mutant Ii and I-A g7 .
In whole cell lysates, we observed an increase in steadystate abundance of total cellular I-A g7 b and decrease in total cellular His-Ii in the presence of a high-CLIP-affinity Ii mutant as compared with wt Ii (His-M98D versus His-wt Ii, Fig. 5A , as in Fig. 3 ). 10-2.16 IP from these lysates detects total cellular I-A g7 and only that proportion of His-Ii that is associated (in nonamers) with I-A g7 , excluding any free His-Ii and His-Ii associated with nonamers containing only non-I-A g7 class II molecules (I-E d or I-A d ) (Fig. 5B) . We again observed higher total cellular levels of I-A g7 in the presence of a high-CLIPaffinity Ii mutant (His-M98D). However, despite the lower total cellular levels of His-M98D Ii, more His-M98D Ii than His-wt Ii co-IPed with I-A Fig. 2(A) , differences in I-A g7 abundance are modest. These data argue against both an artifactual difference in synthesis and a major effect on I-A g7 abundance by Ii chaperoning during synthesis. Thus, the increased I-A g7 signal in His-M98D cells reflects higher abundance of mature (non-Ii-associated) I-A g7 due to increased half-life of the molecules in the presence of high-CLIP-affinity Ii (Fig. 4) , and the increase in co-IPed His-M98D Ii compared with His-wt Ii is observed despite equivalent levels of nascent I-A g7 in these cells.
Conversely, anti-His IP from the same lysates detects total cellular His-Ii and only that portion of I-A g7 that is associated (in nonamers) with His-Ii, excluding free I-A g7 b, mature I-A g7 dimers, and I-A g7 associated with endogenous wt Ii homotrimers (Fig. 5C) . We observed lower levels of His-M98D Ii than His-wt Ii, despite similar rates of His-Ii synthesis (as determined by radiolabeling with a short pulse and no chase, data not shown). However, approximately equivalent amounts of I-A g7 b are co-IPed with His-Ii in both cell lines. Thus, high-CLIP-affinity His-M98D Ii co-precipitates more I-A g7 per amount of His-Ii than His-wt Ii (Fig. 5C, densitometry) .
Preferential assembly of high-CLIP-affinity Ii with I-A g7 is the most likely explanation for skewed inclusion of these molecules in the same nonameric complexes. The detection of this bias despite some masking of the results by co-IP of non-targeted Ii and class II chains included in these nonamers argues that this preferential pairing is actually more dramatic than can be detected using these particular methods. Selective assembly of Ii with class II alleles based on CLIP affinity is consistent with a model in which CLIP association with the peptide-binding groove of class II is the crucial step in class II/Ii complex formation, despite the interaction of other regions of Ii with class II [reviewed in (7, 8, 40) ]. Thus, CLIP chaperoning of I-A g7 711
assembly of class II/Ii complexes with high CLIP/class II affinity is probably favored, allowing small amounts of transfected mutant Ii to compete effectively with excess endogenous wt Ii for assembly with the targeted class II allele.
In parallel experiments in which In-1 was used to co-IP total cellular Ii (endogenous + transfected) and Ii-associated class II from 3A5.g7 cells, we were unable to detect a consistent increase in the amount of I-A g7 precipitated with total Ii in the presence of untagged M98A or M98D Ii compared with wt Ii (data not shown). Additionally, we stained for surface class II levels on our panel of 3A5.g7 Ii transfectants [using OX-6 for I-A 
Antigen presentation via unsupervised peptide exchange is reduced in cells expressing high-CLIP-affinity Ii mutants
To determine the effect of Ii CLIP mutants on peptide presentation by I-A g7 , we used stable 3A5.g7 or A20.g7 Ii transfectants to present exogenously added p79 mimetope peptide to a BDC2.5 T-cell hybridoma. Despite 2-to 4-fold increases in surface I-A g7 molecules in 3A5.g7 cells with high-CLIP-affinity Ii mutants, presentation of the p79 peptide 712 CLIP chaperoning of I-A g7 was substantially diminished (Fig. 6A and B) . The effect is most pronounced at lower, more physiologically relevant peptide concentrations and is largely (M98D and E) or completely (M98A and S) overcome by the addition of excess peptide. As expected, the effect of high-affinity CLIP mutants on antigen presentation is reduced in DM+ A20.g7 cells, where the majority of CLIP peptides are efficiently removed by DM and replaced by diverse peptides during DM-supervised peptide editing and only the small portion of class II that stochastically escapes DM editing is affected by the retained mutant CLIP (Fig. 6C) . Despite high sequence homology of I-A g7 with I-A d , the p79 peptide is not efficiently presented to the BDC2.5 hybridoma by I-A d : presentation of p79 by parental 3A5 cells (without transfected I-A g7 b) was below the level of detection (data not shown). Nonetheless, as a precaution, we used the I-A d -specific mAb MK-D6 for pre-blocking and throughout the incubation with antigen and T cells.
Discussion
The affinity of I-A g7 for wt CLIP has been somewhat controversial because of a report that NOD splenic B cells express more cell surface class II/CLIP complexes than splenic B cells from other strains (48) . However, the balance of available evidence demonstrates that I-A g7 has remarkably low affinity for wt CLIP (15, 31, 34, (49) (50) (51) (52) , and our findings confirm that I-A g7 behaves as a low-CLIP-affinity allele in multiple assays. CLIP variants with mutations that increase their affinity for I-A g7 perform a chaperoning role independent of full-length Ii by reducing I-A g7 turnover, with consequent increased expression levels, and by constraining peptide exchange to the traditional DM-supervised pathway. Our current findings with I-A g7 corroborate our previous findings with I-E d (16) and support the conclusion that chaperoning by CLIP is a general mechanism of class II regulation. The effects on both alleles are substantially reduced in the presence of DM, indicating that CLIP chaperoning in DM+ animals is likely to have the highest impact in cells where DM function is limited.
Interestingly, the effects of high-CLIP-affinity Ii mutants on I-A g7 are of much greater magnitude than similar effects on I-E d (16) , even though I-E d has almost immeasurably low affinity for wt CLIP (10, 11) . It is likely that this increased dependence on CLIP chaperoning is due to lower inherent dimer stability of I-A g7 compared with I-E d . Indeed, this would be consistent with the finding that assembly and expression of haplotype-mismatched dimers show increased dependence on Ii [reviewed in (40) ]. We have previously proposed that overall class II phenotypes and expression levels may be dictated by an interplay of DM activity, CLIP affinity and inherent ab dimer stability (8) .
We find it intriguing that small uncharged P9 anchors (M98A and S) have different effects than large acidic (negatively charged) P9 anchors (M98D and E). P9 D and E anchors are generally thought to be optimal for peptide binding to I-A g7 , but it has become clear that these anchors are not required, that small uncharged P9 anchors (such as P9 A and S) are also preferred and that smaller contributions may also be made by interactions at other traditional and non-traditional anchor pockets [data presented here, CLIP chaperoning of I-A g7 713 studies reviewed in (5), and (34) (35) (36) ]. An extensive molecular modeling study predicts a pH-dependent peptide-binding motif for I-A g7 such that peptides with acidic P9 anchors are highly preferred during peptide loading in endosomes (low pH), but less stable at the cell surface (neutral pH), while peptides with small uncharged anchors that survive endosomal pH are more energetically favorable at the cell surface, resulting in a 'locking into place' effect (36) . These predictions are partially substantiated by a study that used IC-50 values to assess binding to soluble I-A g7 of CLIP variants with single amino acid substitutions at P9 (15) . Data from this study argue that P9 A and S are highly favorable anchors in the context of a CLIP peptide at both neutral and acidic pH and that binding of at least one mutant (M98A) at acidic versus neutral pH conforms to the pH-dependent motif model. CLIP, first in the context of full-length Ii and then as an independent peptide, moves from the ER (neutral pH) to endosomes (acidic) to the cell surface (neutral) and finally to recycling compartments (mildly acidic), with different possible consequences for large charged versus small uncharged P9 anchors at each phase. In our system, M98A and S Ii mutants have the greatest effect on I-A g7 half-life and abundance, consistent with a possible advantage during assembly in the ER and extended survival at the cell surface due to the preference for small uncharged P9 anchors in neutral environments. In contrast, M98D and E CLIP may provide the greatest advantage for I-A g7 /CLIP survival during the initial stay in (acidic) endosomes. Unlike most Ii CLIP mutants for I-A g7 (and I-E d ), variants with large acidic (negatively charged) P9 CLIP anchors (M98D and E) inhibited peptide presentation even in the presence of excess exogenous p79 peptide (Fig. 6B) . Peptide presentation in this context is a complicated balance of varying I-A g7 abundance and a pH-dependent binding motif, but this result likely reflects the especially strong preference for P9 D or E anchors at low pH (making bound M98D or E CLIP particularly difficult to displace), as most 'cell surface' peptide exchange probably occurs in recycling compartments with somewhat reduced pH. Large charged and small uncharged P9 anchors may also have distinct advantages at different stages of the class II pathway based on their ability to affect overall I-A g7 conformation (53) . Various experimental systems have indicated that a subset of class II alleles can be successfully assembled into dimers in the absence of Ii (e.g. I-A g7 in our 2A-12 cells). Thus, it is often assumed that a-and b-chains form dimers first and subsequently bind to Ii trimers. However, several studies provide evidence that individual a-or b-chains are capable of associating with Ii and of binding peptides or unfolded segments of larger proteins, including the CLIP region of Ii, in a manner dependent on standard binding groove/anchor interactions [reviewed in (40, 47, 54) ]. Our findings that small amounts of transfected mutant Ii compete effectively with an excess of endogenous wt (low-affinity) Ii for I-A g7 and I-E d binding and that high-CLIP-affinity Ii is disproportionately represented in nonameric complexes with I-A g7 (and vice versa), likely reflecting preferential assembly of high-CLIP-affinity Ii/class II complexes, do not distinguish between these models but argue that CLIP contact is a critical step in nonamer assembly that is ultimately dominant over other regions of Ii/class II interaction. This would predict effects on allelic expression, particularly in cells where Ii levels are not in molar excess over class II dimers or where multiple chains compete for a common partner. This pivotal role for CLIP in class II/Ii assembly is also consistent with the importance of groove occupancy for completion of class II folding, release from general ER chaperones, and 714 CLIP chaperoning of I-A g7 overcoming kinetic or energetic limitations to stable subunit associations (e.g. mitigating the extensive electrostatic repulsion within the positively charged P9 pocket of I-A g7 ) (8, 36, 40) .
We previously described several models for how varying class II/CLIP affinity may influence susceptibility to autoimmunity, including effects related to stability, abundance and half-life of class II as well as modulation of access to nontraditional pathways of antigen presentation that circumvent proper supervision by DM (8, 14, 16) . Studies in animal models of autoimmunity will be necessary to demonstrate a direct effect of varying CLIP affinity on disease pathogenesis, and the Ii CLIP mutants characterized in this study will be valuable tools in this endeavor. As class II MHC alleles define the single greatest genetic risk factor for the majority of autoimmune disorders, a potential opportunity for clinical intervention remains untapped until the mechanism of this association is clearly defined. We currently believe that a general deficiency in interaction of class II alleles with chaperones in the class II pathway, including Ii [this study and (8, 14, 16) ] and possibly DM (55) , establishes a context of vulnerability to autoimmunity. Within this context, more specific features of the class II alleles along with the influence of background genes may determine the specificity of an autoimmune reaction and the target organs. 
